Post-translational maturation of c-type cytochromes involves covalent attachment of haem to the apocytochrome polypeptide by two thioether bonds. In bacteria, haem attachment occurs in the periplasm, after the separate translocation of haem and the polypeptide across the cytoplasmic membrane. In Escherichia coli, delivery and attachment of the cofactor requires eight or nine specific proteins, which are believed to be organized in a membrane protein complex. After transport across the membrane, haem is attached covalently to the haem chaperone CcmE in an unusual way at a single histidine residue. However, haem binding to CcmE is transient and is succeeded by a further transfer to apocytochrome c. Both haem binding to and release from CcmE involve integral membrane proteins, CcmC and CcmF respectively, which carry a conserved tryptophan-rich motif in a periplasmic domain. Apocytochrome c polypeptides are synthesized as precursors and reach the periplasm by sec-dependent translocation. There they are prepared for haem binding by reduction of the cysteine residues in the motif Cys-Xaa-Xaa-Cys-His, which is characteristic of such proteins. This reduction is achieved in a thioreduction pathway, whereby electrons are passed from cytoplasmic thioredoxin to the transmembrane protein DsbD, across the membrane, and on to the specific reductases CcmG/CcmH. The merging of the haem delivery and the thioreduction pathways leads to the stereospecific insertion of haem into various type c cytochromes.
Introduction
Cytochrome c maturation describes the process by which cells convert a linear polypeptide, the apocytochrome, into a three dimensionally structured polypeptide that contains one or more covalently bound, redox-active haem cofactor(s). Although this seems to be a simple task, a closer look into the details of the process reveals that Nature offers different solutions for this problem. We are facing at least three systems of cytochrome c maturation in different cells, with variable degrees of complexity. This review summarizes our current understanding of cytochrome c maturation. Emphasis is laid on the most complex system characterized so far, the cytochrome c maturation pathway of Escherichia coli.
Three systems of cytochrome c maturation
Maturation of c-type cytochromes is an example of post-translational protein modification that occurs in all eubacterial and archaeal species that synthesize cytochromes of the c-type, as well as in mitochondria and chloroplasts of eukaryotic cells. T h e key question of cytochrome c biogenesis is how haem is attached covalently and stereospecifically to the cysteine residues that are present in the haem binding motif Cys-Xaa-Xaa-Cys-His, which is found in all c-type cytochromes. Holocytochrome c, the product of this reaction, possesses haem attached by two thioether bonds between the haem vinyl groups and the cysteines of the haem binding site. However, it has been recognized recently that at least three different pathways of variable complexity exist, all of which lead to the covalent attachment of haem to the polypeptide [l-31. Figure 1 depicts the different routes of cytochrome c biogenesis, as they can be distinguished to date based on knowledge obtained from a few model systems and from sequence comparisons using the available genomic databases [1, 2, 4, 5] .
Initial studies on cytochrome c maturation have been carried out with mitochondria of yeast and Neurospora crassa (for review, see [3] ). A contribute to efficient cytochrome c biogenesis. single enzyme called cytochrome c haem lyase T h e second class (system 11) of genes involved in (CCHL) was shown to be required for the formacytochrome c biogenesis was found in Gramtion of two thioether bonds [6, 7] . Although this positive bacteria, cyanobacteria and some p-, 6-enzyme has not been purified to homogeneity, and c-proteobacteria, but also in plant and algal genetic evidence was presented recently that the chloroplasts and perhaps in archaea. T h e proteins gene encoding yeast C C H L [8] was sufficient to derived from these genes do not share extensive sedirect cytochrome c maturation in the cytoplasm quence similarities with representatives of class I, of Escherichia coli [9] . As mitochondria1 c-type but are homologous within class 11. However, cytochromes reside in the intermembrane space, small sequence motifs are present in members of whereas they are encoded by nuclear genes, their both classes: a tryptophan-rich motif and a thioprecursors must be imported into mitochondria redoxin motif. Otherwise the class I and class I1 [10, 11] Steps of cytochrome C maturation various genetic loci to a function in cytochrome c
All type c cytochromes have the following two maturation. These data, combined with wholecharacteristics in common : (i) they contain one or genome analyses, have now led to the view that more haem binding motifs of the sequence Cysbacterial cytochrome c maturation is different Xaa-Xaa-Cys-His, whereby haem is attached cofrom that in mitochondria of fungi and metazoa.
valently to the two cysteines; and (ii) they contain Bacterial cytochrome c maturation can be divided an N-terminal signal sequence, which directs them into two classes. T h e first, also referred to as from the place of protein synthesis to the place of system I cytochrome c maturation, occurs in afunction. In the case of organelles, the apocytoand y-proteobacteria, deinococci and mitochonchrome c precursors are directed from the dria of plants and protozoa [l-3,131 . Cloning and cytoplasm into the mitochondria (intermembrane characterization of the affected loci revealed the space) or chloroplasts (thylakoids). In bacteria, the existence of eight or nine specific cytochrome c precursors are translocated to the periplasm by maturation (ccm) genes in these organisms. In the type I1 secretion pathway before ligation of addition, it was shown that genes of the general haem takes place [15-171. Consequently, haem secretion pathway and of cellular redox control must be transported to the same place before it
Figure I Cytochrome c maturation in different organisms
Designations of proteins involved in the maturation of c-type cytochromes are in black on a white background; conserved amino acid sequence motifs are in black on a grey background. For system 11, only proteins and their conserved motifs that have been identified in all the representatives are shown.
System I System I1 System 111
PseudomonadRhizobium can be ligated to the cytochrome. Haem is a hydrophobic molecule that easily associates with membranes, but does not easily penetrate them. In bacteria, translocation of haem from the cytoplasm, where the final step of haem biosynthesis takes place, to the periplasm, where attachment to the cytochrome occurs, is likely to be achieved by an active transport mechanism. However, no convincing solution to the problem of haem transport during cytochrome c formation has yet been described. T h e requirements for a cytochrome c maturation apparatus are the recognition of apocytochrome c, the transport and delivery of haem, and the stereospecific correct positioning of the two molecules relative to each other, in order to allow the formation of two thioether bonds between the haem vinyl groups and the apocytochrome c cysteine residues.
Cytochrome c maturation (ccm)
genes of E. coli Like CcmB, this protein has six membranespanning helices, and thus has been suggested to also be a subunit of the ABC transporter [28, 30, 32] . However, its unique involvement in haem transfer to CcmE indicates that CcmC has a function independent of CcmAB. CcmC contains the striking sequence motif WGXXWXWDXR-LTS in its second periplasmic domain [40] . T h e accumulation of hydrophobic residues, in particular tryptophans, is believed to facilitate haem binding. Moreover, two histidines at conserved positions in periplasmic domains are invariant in all CcmC homologues. These residues, as well as various residues within the Trp-rich motif, have been changed to alanines, which resulted in a decrease in or a complete absence of haem delivery [40] . It was shown recently that, rather than the haem binding of CcmC, it was the interaction between CcmC and CcmE that was affected [41] .
At present, we can neither postulate nor exclude that CcmC transports haem across the membrane. Since a ccmC mutant is able to synthesize periplasmic holocytochrome b [34], a general haem export function of CcmC seems unlikely. Nevertheless, it is clear that CcmC delivers haem to CcmE, and possibly catalyses the formation of the unusual haem-histidine bond. CcmD is a small, monotopic membrane protein with a highly charged C-terminal domain in the cytoplasm. A ccmD mutant is impaired in, but not devoid of, holo-CcmE formation when CcmE is overproduced [33, 40] . However, a chromosomal ccmD deletion leads to the absence of c-type cytochromes. Apparently, CcmD stabilizes CcmE in the membrane and influences the interaction between CcmC and CcmE. CcmG is a periplasmic thioredoxin whose active-site cysteines are important for cytochrome c maturation [29, 44, 46] . CcmG interacts directly with a periplasmic domain of the DsbD protein that transfers electrons from the cytoplasm to the periplasm [47] . T h e proposed transfer of electrons from cytoplasmic thioredoxin via DsbD, CcmG and CcmH on to the haem binding site of cytochrome c is in agreement with the lack of cytochrome c formation in all the corresponding [451. T h e Ccm proteins are believed to be organized in a membrane protein complex, by which apocytochromes c are selected, reduced and presented to haem, and which captures and delivers haem in a stereospecific manner [4, 18] . Although various direct protein-protein interactions between Ccm subunits have been detected [30, 41, 42] , the architecture of the complex is unknown. Work from R. capsulatus suggests that the ABC transporter is part of the complex [30] . Also, it is probable that the redox proteins CcmG and CcmH belong to the complex; the fact that, in contrast with active-site cysteine mutants, knockout mutants cannot be complemented by small reductants indicates an additional role for these proteins, perhaps as subunits of the complex [43, 46] . Figure 2 summarizes our current view of the pathway for cytochrome c biogenesis in E. coli, a representative of system I maturation. The complexity of the pathway is not so surprising in view of the various demands of cytochrome c maturation in the periplasm. It is likely that additional factors involved in system I1 and system I11 cytochrome c biogenesis will be discovered in the future.
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